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CHAPTER I
INTRODUCTION
1.1

Dynamic Materials
Many engineering materials are strain rate sensitive. In other words when a

material is subjected to a load which will cause the deformation of the material to
exceed a certain speed (Strain Rate) the mechanics inside the material that are causing
the deformation and failure to change. This phenomenon leads to changing materials
response and properties when a material is subjected to a change in strain rate. These
fast events lead to so called dynamics in materials. Solei relaying on material data at
static environments grossly ignores the extraordinary mechanical phenomena when
strain rate is increased. When investigating over a wide range of dynamically deformed
materials, new competing mechanisms that drive the material responses are revealed.
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Figure 1.1

Fractography of DP780 with strain rates of (a) 0.1/s and (b) 200/s

Note: Each is image is of the same material except for the different strain rates which
correspond to the change in fractography [1]

Notice that in Figure 1.1, different strain rates have caused a difference in the
appearance of the material where the failure occurred. Figure 1.1 (a) and (b) show the
fractography in the rolling plane from the specimen for 0.1/s and 200/s respectively.
2

Small cleavage-like bands are noticed in the TD direction. However, figure 1.1 (b)
shows an increase in the number of bands, which is subsequent to the increase in strain
rate. Moreover, these bands lead to a decrease in elongation which can be seen in fig
1.2.

Figure 1.2

True stress–strain curves of (a) DP780 stress under various strain rates.

Note: In the legend, v100-1 represents velocity strain rate 100/s for sample number 1. [1]

The effect of dynamics is not a new concept. The earliest stress-strain
curve figure 1.3, which was produced in the late 1800s, shows the dynamic
3

response of a material. The graph shows how an increasing strain rate increase
the material properties.

Figure 1.3

First known Dynamic and Static measures of Resistance graph of a
material.

Note: The figure shows the static curve as a solid line and the dynamic curve as a dashed
line [2].

Since the creation of this graph, researchers and scientist have advanced the
scientific methods and procedures to better understand the dynamic nature of materials.
Furthermore, specific models have been designed to predict the dynamic response of
materials and material have even been created specifically for dynamic applications.
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The research in this thesis expands on the industries need for the continuation of
developing methods and procedures to test materials at the dynamics level; particularly
focusing on the intermediate strain rate regime (5/s to 500/s). The document will show
the lack of technology for acquiring accurate stress-strain curves for testing materials at
the intermediate strain rate, while proposing a testing method that will solve the
described problems.
1.2

Strain Rate Dependent Experiments
As mentioned, dynamic experiments have been practiced on materials for several

centuries now. However, the main form of testing materials is either at the quasi-static or
the high strain rate regime [3]. The quasi-static strain rate has been heavily researched,
subsequently bring universal testing equipment and testing standards to the industry [4].
Yet, the lack of testing apparatus developments in the dynamic testing regime has singled
out the high strain rate regime as the main form of dynamic testing. The most common
apparatus used to test material at the high strain rate regime is by using a split Hopkinson
pressure Bar (SHPB) or referred as the Kolsky Bar.
1.2.1

High Strain Rate Experimental Methods
The first SHPB was initial design by Bertram Hopkinson in 1914, a

schematic of this system can be seen in figure 1.4. For a detailed description of the
SHPB technique including the background and history, the reader is directed to the
critical review by Gama el al. (2004) [5].
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Figure 1.4

The first constructed split Hopkinson bar constructed by Bertram
Hopkinson in 1914.

Note: if a rifle bullet be fired against the end of a cylindrical steel rod there is a definite
pressure applied on the end of the rod at each instant of time during the period of
impact,’’ essentially forming a pressure pulse. This impact induced pressure compressive
pulse will propagate along the rod B and will reflect from the free end of the rod as a
tension pulse. He also described how a small rod C of the same material and cross section
would trap the momentum of the direct wave and fly off from the main pressure bar. The
momentum of the flying piece C was measured by a ballistic pendulum D [5].

Due to general technology advances, the initial split Hopkinson bar that
was constructed has now transformed into the Split Hopkinson Pressure Bar
(SHPB). A schematic of the new system is detailed in figure 1.5. The SHPB is
comprised of three key pieces, the striker, incident bar, and transmitted bar. The
striker bar is propelled by a gas gun, which is collinear to the incident and
transmitted bar. When the striker bar impacts the incident bar an impulse stress
6

wave is created at the point of impact. The impulse stress wave then travels to the
opposite end of the incident bar. The initial impulse is measured by a strain gage,
which is mounted parallel to the direction of the stress wave. Between the Incident
bar and the transmitted bar, lies a cylindrical sample. Once the stress wave travels
to the end of the incident bar, where the sample lies, a portion of the initial wave
will propagate into the sample and then another portion will propagate into the
transmitted bar. A strain gage is placed parallel to the direction of the transmitted
bar to read the initial stress wave.

Figure 1.5

A schematic of today’s typical Split Hopkinson Pressure bar system

Note: The above schematic is only for compression specimens [5].

The analytical concept for gathering the stress-strain relationship using a SHPB system is
governed under the conservation of energy. If the system was used without placing a
sample between the incident and transmitted bar, the stress waves that are measured from
the strain gages would be identical, yet by placing a sample between the two bars the
7

transmitted stress profile will now mirror the stress that was induced on the sample by the
initial incident stress wave. The governing equations for the 1-D stress wave theory in a
SHPB that explain the stress and strain on the sample are given by Equation (1.1, 1.2)
respectfully [5]. For a further understanding for the derivation of 1-D stress wave theory
for the SHPB system the reader is directed to Classic split-Hopkinson pressure bar testing
by Gray III GT 2000 [6].
𝜎𝑠 (𝑡) = (

𝐴𝐵 ×𝐸𝐵
𝐴𝑠𝑜

) × 𝜀𝑡 (𝑡)

𝑡

𝐶

𝜀𝑠 (𝑡) = (2 × 𝐻𝑂𝐵 ) × ∫0 𝜀𝑡 (𝑡) × 𝑑𝑡
𝑆𝑂

(1.1)

(1.2)

Generally, the SHPB can acquire stress strain relations for ductile metals in
strain rates ranging from 500/s to 5000/s. Several factors influence the maximum strain
rate including the pressure used to propel the striker bar and the length and diameter of
the specimen. The lower end strain rate capability of a SHPB is typically limited by the
length of the bars and has been an area of research in recent years [7-10].

1.2.2

Intermediate Strain Rate Experimental Methods
The intermediate strain rate regime (5 s-1 to 500 s-1) has been tested for nearly

half a century now. Intermediate strain rate testing has become a hot topic for the two
reasons: Materials have a transitional dependence mechanism at these rate and events
such as automotive collisions, sport collisions and metal forming are associate at these
rates. Further research into the intermediate strain rates can allow engineers and
8

researches to design more robust systems that experience loads at this regime. figure 1.6
shows a schematic illustrating the strain rate regimes for metals.

Figure 1.6

Strain rate regimes identified by material behavior and equipment used to
achieve rate dependent deformation.

Note: Image taken from reference [1]. Notice that the machine used to conduct
intermediate strain rate testing is a modified servo hydraulic system.

During quasi-static strain rates, materials exhibit small changes in mechanical
properties due to a change in strain rate. However, at high strain rates, materials exhibit
either a decrease or increase in material properties. Figure 1.7 shows how a steel
alloy’s yield strength is increased with an increase in strain rate. Further evaluation of
this graph shows that during quasi static testing the yield strength of the material has
9

little change, yet during the high strain rate testing regime the material show a large
increase in yield strength. This makes the intermediate regime between 1/s and 100/s
crucial in determining the shape of flow stress versus strain rate for constitutive
modeling and for strain rate dependent strength ratings. Therefore, a lot of attention
has been placed on the design of a systems that can test materials at the intermediate
strain rate.

Figure 1.7

Yield strength of commercial cold rolled steel as a function of strain rate
across three strain rate regimes and testing devices.

Note: Image taken from reference [7].
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The most widely used systems for conducting experiments at the intermediate
strain rate is a modified servo-hydraulic system. Several manufactures such as Instron
and MTS design and manufacture modified servo-hydraulic systems that achieve speeds
up to 18 m/s. Although these systems exist, there are two main limitations: robust load
acquisition and strain rate uniformity. Therefore, many research laboratories have tried to
create their own intermediate strain rate systems, these systems include, drop weight
towers, cam plastometer, wedge bar systems, flying wedge system, modified SHPB
systems, and Long SHPB systems [12-].
1.3

Intermediate Strain Rate Systems
To test materials at the intermediate strain rate regime, the systems must be

able to accurately monitor load, have an actuator that have controllable/repeatable
speeds, and the ability to handle loads displacements, and speeds to test ASTM
standardized specimen geometry.

The modified servo-hydraulic machine is the main systems used to conduct
intermediate strain rate testing. The machine is a basic quasi-static servo-hydraulic
system that has been modified with numerous load cells or stain gages and the
hydraulic actuator has been retrofit with a “slack adapter”. A typical schematic for a
modified servo-hydraulic machine can be seen in figure 1.8. The servo-hydraulic
machine must be modified for the following reason: The hydraulic actuator cannot
accelerate fast enough to reach the desired strain rate in an allowable period. Multiple
load cells or strain gages must be used to capture the stress wave propagation threw

11

the sample. These systems are best used for strain rates under 10 s-1, and to test rubber,
polymers and other soft materials.

Figure 1.8

Experimental configuration with, Slack adapter, two custom load cells and
a standard quartz load cell

Note: Image from [12]

Another form of intermediate strain rate testing uses a drop tower which was
designed and built for dynamic compressive testing of thick composites. The systems
uses a guided weight which is dropped onto a impact specimen configuration. A
12

schematic of the drop tower and impact specimen configuration can be seen in figure
1.9. The system gathers dynamic impact forces by two different methods. The attached
accelerometer reading, which is mounted to the top of the drop weight, is multiplied
by the mass of the impact assembly to determine the force exerted on the specimen. A
strain gage is also mounted to the calibration steel to determine the amount of force
that was impacted on the sample by the amount of strain the calibration steel was under
during the impact of the drop weight. It is noted that a major problem with the drop
tower apparatus is the presence of vibration stress waves superimposed on the stressstrain curves. Therefore, the operator of the system must use data filtering techniques
to separate the noise due to rigid body acceleration and acoustic waves. Strain rates
can vary drastically during drop tower experiments due to frictional forces acting on
the drop weight and height repeatability by the drop weight. Note that this system was
specifically design for determining the compressive material properties of composites.
Similar drop weight towers have been modified to test material in tension yet use
completely different techniques to determine stress-strain relationships [13].
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Figure 1.9

(a) Impact specimen configurations; (b) specimen holding and guide fixture

Note: Figure taken from [14]

The cam plastometer at Los Alamos Nation lab was designed to test
compression sample at intermediate to high strain rates figure 1.10. The specimen is
compressed against a load cell, which is located on the top of the cylindrical
compression specimen. A logarithmic cam is located at the bottom of the specimen.
The strain rate is varied by either changing the cam speed or by changing the cam.
These variations can cause strain rates from 0.05 s-1 to 200 s-1. The test is initiated after
the cam shaft is at the desired speed to include the targeted strain rate. Once achieved,
pressurized nitrogen gas thrust the carrier into position which starts the cams rotation.
The systems is syconized such that when the cam shaft rotates to the induce the desired
total strain on the sample, the carrier will be disengaged by pressurized nitrogen gas.
The cam plastometer can generate controlled strain rates by its variation I cam shaft
14

speeds and different logarithmic cams, yet the use of a load cell creates noise in the
load data gathered. Therefore, filtering techniques must be used to filter out the
mechanic noise of the system from the load data. Note that filtering techniques are used
not to filter out electrical noise or numerical artifact, yet it is filtering high frequency
loading.

15

Figure 1.10

Close-up view of cam plastometer press (left) and schematic of cam
plastometer (right) Cam plastometer is a hydraulic rotary system using a
logarithmic cam profile to achieve constant strain rate

Note. The figure was taken from [15]

A wedge bar system has been used to also test materials in compression at the
intermediate strain rate regime by translating the movement of a wedged bar against
a fixed load frame. The wedge bar system can be seen in figure 1.11. The system
16

consists of three bars and load frame assembly. The striker bar, wedged bar, and
stopper bar make up the three bars. The striker bar is propelled into the wedge bar,
thus creating a stress wave. Since the wedge bar has a machined shallow slope
“wedge” the stress wave moves the wedge into the load frame where the sample lies.
The sample is placed between a glide plate, which has the angle machined on the
bottom face, and the top of the load frame the displacement of the wedge bar due to
the stress wave pushes the cylindrical sample upward against the load frame. Load is
recorded by strain gages being placed on the side of the load frame and a miniature
load cell at the top of the load frame. Since the system relies on the wedge bars
displacement to induce strain on thee sample, multiple stress varies have to occur for
the wedge bar to induce the targeted strain or failure of the sample. Therefore, wedge
bar technique is best suited for material that have small strain behaviors. If ductile
materials are tested using this system multiple stress wave will be needed to displace
the wedge bar. This will induce multiple stress waves on the load frame causing wave
propagation on the load cell causing interference with the recorded load data.

17

Figure 1.11

Layout of the wedge bar system (top). Miniaturized load frame assembly
(bottom)

Note the figure were taken from [16]
Another wedge concept has been used to test materials at the intermediate strain
rate known as the flying wedge. The System used two assemblies seen in figure 1.12,
a “gas gun’ system to propel a wedge and a slider mechanism to grip/strain the
specimen. The system ca generates three strains rates on any notched specimen by
changing the angle of the flying wedge and gas gun pressure creating strains from 25
s-1 to over 10,000 s-1. By propelling the wedge against the slider, which grip the sample,
induces strain onto the sample. The system is noted for applying symmetric loading
due to the wedge, yet the impact of the wedge onto the sliders causes clattering due to
stress wave propagation from the wedge into the sliders and the perpendicular loading.
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Also, during Finite element analysis, the sliders would separate from the guides
causing an increase in the chattering.

Figure 1.12

General view of the Mark II flying wedge (top). Schematic diagram of
dynamic tensile testing machine (bottom left). Schematic showing the
flying wedge concept (bottom right).

Note. Figures taken from [17]

Since the SHPB is a great technique for understanding the stress-strain
relationship in materials, many researchers/material scientists have modified SHPB
systems to test material at the intermediate strain rate. Since the loading pulse on a
19

conventional SHPB is limited to the length of the striker bar, modified systems have
replaced the striker bar for a hydraulic actuator. However, the longer loading impulse
causes a problem with the stress waves being superposition since the long loading
impulse is longer then the normal time for transmitted wave travel. Therefore, multiple
strain gages are placed on the incident and transmitted bar to understand the wave
interactions as seen in the schematic of the system figure 1.13. Intense wave separation
techniques are needing to gather the stress-strain relationships of the tested material.

Figure 1.13

(a) Convetional SHPB system. (b) modified SHPB system.

Note. Figures was taken from [18]

Another method for using a SHPB to do intermediate strain rate testing is by
increasing the overall length of the incident and transmitted bar as seen in figure 1.14.
The system functions the same as a normal SHPB, except for increasing the length of
the incident and transmitted bars so the initial stress wave does not reflect and distort
20

the stress wave signal across the strain gage. Such systems increase the incident and
transmitted bars up to 11.0 m using segmented bars connected by joints since such
lengths are not available in bar stock. Therefore, the bars most be joined by precious
machines joints. Imperfection in the joints can cause a disturbance in the stress wave
propagation from one bar to another, yet it is noted that no matter now precise the joints
are machined, or designed reflection are inevitable do the imperfection in the
connecting surfaces. However, using longer bars also causes wave dispersion due to
lower frequency components traveling faster than the higher frequency components of
the pulse, which is more deleterious to the signal then the joints. Furthermore, the Long
SHPB system uses a gas gun to propel the striker bar which cause a maximum load
duration of 1ms. However, pulse shaping techniques are used to increase the load
duration up to 3 ms. Some systems counter this problem by using hydraulic actuators
to increase the load duration [18].
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Figure 1.14

A schematic of the LSHPB. (a) The LSHPB setup; (b) Details of
connections

Note: Figure taken from [19]

During quasi-static testing it is well known that if a test is stopped and restarted
the specimen will trace the same stress-strain curve [20] Using this method on a SHPB
system can achieve intermediate strain rates by testing the same sample multiple times
22

until the specimen reaches failure. However, when samples are tested at the intermediate
or high strain rates, the sample generates heat due to the strain rate unlike quasi-static
testing [21]. Therefore, the samples can only be subjected to a intermediate strain rate
testing for a short duration of time before temperature effects change the properties of the
material. Also, after each test the sample must be allowed adequate time to cool down
before retesting and the sample must be retest measured. An example of this method can
be seen in figure 1.15.
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Figure 1.15

(Color online) Stress–strain graph of AZ91D alloy specimens repeatedly
tested at the average strain rates of (a) 340 s−1 and (b) 660 s−1 and the
master curves developed for (c) 340 s−1 and (d) 660 s−1 strain rates.

Note figures taken from [22]

Although researcher and engineers have developed a system that can test with in
the intermediate strain rate regime, it is apparent that no system is robust enough to test
materials in tension and compression or has the ability to test soft to hard materials.
Furthermore, each system is unable to collect consistent data due to the systems open
loop control, signal interference, or data filtering techniques. A round robin test was
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conducted on mild steel with a targeted strain rate of 100 s-1 in tension using ten research
laboratories. figure 1.16 shows the results of the experiments.

Figure 1.16

Round robin test results from 10 different research laboratories showing
tensile results on mild steel at 100/s target strain rate.

Note: Data in this study showed significant variability [23].

Notice that the results of the round robin study shown in Figure 4.11 vary greatly.
The yield stress is shown to have a variation of up to 25 %, and a failure strain variation
up to 45%. Failure strain discrepancies are most likely due to the different specimen
designs used. Some laboratories used elongated grip sections to help with ramp-up
25

distances of their machines. Still other laboratories used short specimens to keep total
speed of the machine within limits. Appendix A shows the specimen designs used in this
study. Strength variations can be from two major sources: load ringing and strain rate
variation. The results of this study show the current methods for collecting intermediate
strain rate data need further research and evaluation.
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CHAPTER II
INTERMEDIATE STRAIN RATE SYSTEM WITH CLOSED LOOP CONTROL
2.1

Challenges and Opportunities
Depending on the material being tested and the strain rate target, intermediate

strain rate tests require 1 ms to 10 ms to complete. To allow for the adjustment of system
load and subsequent changes in the target speed, the load system must be able to respond
in a much shorter amount of time (100 µs to 1 ms). Unfortunately, a generous number of
commercial and scientific papers on this topic have shown that servo hydraulic cylinders
cannot achieve the desired regime of operation necessary for the closed loop operation of
intermediate strain rate experiments [24]. Figure 2,1 shows the operation regions of
current technologies and the required operating regions of intermediate strain rate
experimentation on various materials.
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Figure 2.1

The regions of operation for electronic actuators, hydraulic actuators, and
the necessary behavior to control intermediate strain rate experiments [2426].

Figure 2.1 shows a difference of almost 2 orders of magnitude between available
technologies and the necessary behavior to control intermediate strain rate tests up to 500
s-1. Electronic actuators only reach controlled strain rates at intermediate rates for very
low loads which limit their application to foams and elastomers. Hydraulic actuators can
control experiments for lower intermediate strain rates of 10 s-1 and below, and they can
even control higher strain rates for soft materials. However, hydraulic actuators lack the
ability to control high load materials at higher intermediate rates. Although some
investigations into quick load control have used smart fluids such as magnetorheological
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and electrorheological fluids, these technologies still don’t have the fast, high load
behavior needed to achieve the intermediate strain rate region [27-31].
An opportunity to increase the controllable strain rates of mechanical experiments
can be found in semi-passive piezoelectric friction dampers that have been posed to solve
seismic vibration issues in buildings and structures that require immediate response to the
and high forces [26-31]. Figure 2.2 shows one such system and the behavior of a
conventional high-power piezoelectric controller for different piezoelectric capacitances.

Figure 2.2

Interior view of the piezoelectric friction damper (PFD) used in seismic
vibration control (left) [28] and commercial high-power, piezoelectric force
vs. frequency (right) [25-31].

With this technology, it is possible to achieve high loads (102 kN) and “highspeed response” (rise times of less than 100 µs). However, challenges exist to adapt this
technology to an actuator system, such as selection of an Actuator type (hydraulic,
pneumatic, electronic, etc.), friction materials material optimization (high friction
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coefficients, stick-slip issues, stable wear rates, etc.), and sensor/control development
(LVDT, optical methods, processing time, etc.).
This research focuses on the development of an intermediate strain rate testing
system based on the limitations in measuring load, achieving high speeds, and controlling
strain rates in intermediate strain rate experiments as well as the opportunities to use new
technologies, such as the serpentine bar and piezoelectric friction damper. By monitoring
long duration loading pulses and controlling the strain rate of the experiments, the first
major step toward conventional and repeatable intermediate strain rate experiments can
be realized.
2.2

Piezoelectric braking system
As the introduction described, one of the main problems with current testing

methods in the intermediate strain rate regime is the load system’s ability to have the
required response time to induce the proper load and velocities to produce strain rates in
the intermediate strain rate regime. To combat this problem, a new actuator system was
designed by utilizing a piezoelectric actuator that provides variable frictional forces to
control the movement of the actuator’s position. Ceramic piezoelectric actuators, such as
the P-056.40P piezoelectric stack produced by Physik Instruments, can produce loads up
to 66 kN and displacements of 60 µm with a response time of 100 µs [32]. These
actuators can also be used in parallel to deliver even higher forces. These actuators are
ideal for applications that need high loads with ultrafine accuracies and quick response
times [30].
Figure 2.3 displays a schematic and model of a high-speed actuator based
on semi-passive piezoelectric braking that is comprised of the following: a load frame
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responsible for housing and stabilizing the piezoelectric actuator and brake pads; an
actuator extension rod used to extend the kinematic motion of the actuator piston and
create a flat surface on which the brake pads can rest; and a piezoelectric actuator to
provide normal load to the friction pad. To use the actuator, the actuator
During the prototype phase of the high-speed actuator’s braking system, it was
determined that a flat extension rod would be needed instead of using a round piston rod
because the induced nonuniform pressure led to stick slip issues and control difficulty.
Two sintered iron-copper brake pads with a frictional coefficient of µ = 0.35 are used in
equation 1 [33]. Sintered iron copper was chosen because of the copper’s ability to
provide thermal dissipation, and the sintering aspect of the materials provision even wear
[33]. One of the brake pads is mated between the bottom face of the piezoelectric actuator
and the top face of the actuator extension rod, while the other is mated between the
bottom face of the actuator extension rod and the top face of the preload bolt. This bolt is
used to apply a 15 MPa preload to the braking system, which is specified by Physik
Instruments for any piezoelectric actuator being used in a dynamic environment and
allows for all materials to be properly mated against one another. Furthermore, this
preload ensures the piezoelectric actuator can give the maximum allowable normal force
on the friction material (brake pads) since the amount of braking force is directly related
to the amount of deflection the piezoelectric actuator undergoes during operation.
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Figure 2.3

Schematic of the high-speed actuators braking system (left); A section view
of the high-speed actuator’s braking system (right).

The new high-speed actuator solely relies on the use of frictional forces to control
the actuator rod. The system’s response is directly related to the piezoelectric actuator’s
ability to control the amount of frictional force applied to the actuator’s piston rod and
the amount of pressure inside the actuator’s cylinder. To determine the maximum and
minimum pressure that the actuator extension rod can withstand before movement, the
system was mated to a compact Parker hydraulic cylinder with a bore of 63 mm, rod
diameter of 26 mm, and stroke of 53 mm. The actuator was pressurized to approximately
2.41 MPa before the actuator extension rod began to move. Then, the piezoelectric
actuator was charged to its maximum capacity of 1000 V using a Physik Instruments E482 PICA High-Performance Piezo Amplifier. The Parker actuator was then pressurized
until the actuator extension rod began to move to approximately 8.96 MPa. Therefore, the
system has a pressure range between 2.41 MPa and 8.96 MPa, yielding a maximum
pressure difference of 5.86 MPa. By using the maximum pressure difference in equation
[1], it was determined the piezoelectric actuator can apply a maximum holding force of
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23 kN out of the 66 kN available. Using the stiffness of the piezoelectric actuator
(1100N/µm) also determined that 39 µm of deflection was lost.

𝐻𝐹 = Δ𝑃 × 𝑆𝐴 × 2 × 𝜇

(2.1)

The force exerted by the piezoelectric can be seen in equation 2.1, where HF, SA,
and µ are the holding force, piezoelectric surface area, and the pad friction coefficient
respectively. The response time of the piezoelectric actuator was determined using the
control monitor of the E-482 piezo amplifier, which gives a voltage signal from 10 V to 0
V. This range correlates with the operating range of the piezoelectric actuator (1000 V –
0 V) by a factor of 100. In determining the response time, the amplifier charged the
piezoelectric actuator to 1000 V. Once charged, the piezoelectric actuator was grounded
using a high-voltage switch. The voltage drop resulted in a response time of 500 µs.
Using equation 2.2, which relates the relationship of applied voltage to the amount of
force applied by the piezoelectric actuator, the response of the piezoelectric actuator’s
normal force is determined, were α2 is 0.023 kN/v. Figure 2.4 shows the results of the
piezoelectric actuator’s response to voltage drop.

𝐹𝑜𝑟𝑐𝑒 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 × 𝛼2
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(2.2)

Figure 2.4

The voltage, displacement, and load response of the piezoelectric actuator
used in this study.

To characterize the movement of the actuator’s extension rod, a Photron
FASTCAM SA-Z series high-speed camera was set at 100,000 frames per second to
capture the rod’s movement at the maximum pressure difference of 5.86 MPa. Digital
Image Correlation (DIC) software by Correlated Solutions was used to analyze the
images, and the software calculated the acceleration and velocity of the actuator rod. The
calibration of the software is discussed in section [4.1]. The results of this study can be
seen in Figure 2.5, showing an average acceleration of 25000 m/s2 and a velocity of 4
m/s.
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The results in the following section show the actuator control device will be a
good solution for conducting tests at intermediate strain rates since the actuator displays
the necessary response times to perform tests within the intermediate strain regime.
Additionally, the system shows accelerations and velocities that will produce long load
duration.

2.3

Serpentine Bar Optimization
In addition to designing a new actuator, the optimization of a robust load

monitoring system is warranted. The previously designed serpentine bar prototype did
show a small reflection between each bar and tube joint interface. Eliminating this
reflection could provide a true “clean” load record for intermediate strain rate
experiments. In high strain rate experiments, specimen or other connectors between two
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impedance matched bars require time to reach equilibrium, and the impedance mismatch
and connector lengths play important roles in the time to reach equilibrium [34].
Considering this, a new serpentine bar with smaller welded joints was made to create a
three-pass serpentine bar (one bar and two impedance matched tubes). Figure 2.6 shows
the signal and dimensions of the previously reported serpentine bar prototype and the
newly optimized design to eliminate the reflection from the joint.
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Figure 2.6

(a) Previously reported serpentine bar prototype and stress strain data on Al
6061; (b) Current serpentine bar design with stress strain data on Al 6061;
(c) Dimensions for the new serpentine bar. Dimensions for the prototype
serpentine bar can be seen in [35]. (Note that the new dimensions in Figure
6b show no stress wave inflection during the experiment.)
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In Figure 2.6a, the first prototype showed a small reflection at a 0.001 s, which
was previously validated though simulation. The optimized serpentine bar does not
exhibit this reflection; thus, only one strain gage is needed to show the load record,
making the previous solution of two strain gage stations in a serpentine bar irrelevant. As
noted in the previous research by Dr. Whittington [35], the reflection size is a function of
the joint size itself. Therefore, by reducing the joint size to insure an impedance match
the reflection at the joint can be reduced. It is noted that a reflection of said joint for a 350
maraging steel bar with joint thickness of 5 mm is not significant enough to be captured
by a strain gage on the bar. Therefore, this study will continue to utilize the serpentine bar
with the dimensions shown in Figure 3.4c.
2.4

Intermediate strain rate system and test setup
A schematic of the intermediate test set up consisting of the new high-speed

actuator, serpentine transmitted bar, high speed camera, piezoelectric controller, and a
data acquisition system can be seen in Figure 2.7. The system uses the new high-speed
actuator to induce a load on the sample being tested. The serpentine transmitted bar is
used to measure the load the specimen is under while the test is performed. DIC software
is used to understand the strain on the sample for the duration of the test. The
combination of these systems allows the stress-strain relationships to be determined at
intermediate strain rates.
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Figure 2.7

A schematic of the full intermediate testing system.

The new high-speed actuator was mounted to an I-beam, and the transmitted
serpentine bar assembly was suspended above the I-beam using greased stanchions (see
Figure 2.8). To initiate the test sequence, the high-speed actuator’s piston was positioned
to half its stroke length, allowing a test stoke length of 24.5 mm. The sample was then
placed in the grips, and the piezoelectric amplifier supplied the piezoelectric actuator
with 1000 V to induce a normal frictional force on the actuator extension rod to hold the
rod in place. The Parker actuator was then pressurized. Finally, the test was initiated by
grounding the piezoelectric actuator, thereby releasing the braking force and allowing the
pressure to accelerate the piston and extension rod.
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Figure 2.8

Computer animated model of the system’s main components: high-speed
actuator, transmitted serpentine bar, and bumper (top). Actual photo of the
system (bottom).

To capture the load a sample is under, the transmitted serpentine bar designed by
Whittington [29] acts as a load cell for the system. The serpentine bar used in this study
was made from 350 maraging steel and was approximately 3.5 m in length; however, the
effective length of the bar was 10 m due to its serpentine design [35]. The system
accurately captured load data up to 4.00 ms until the initial wave was reflected over the
strain gages adhered to the beginning of the serpentine transmitter bar, thus distorting the
signal. The stress wave was measured using two x-y T-rosette strain gauges adhered to
the initial rod of the serpentine bar. These gauges were placed at a distance five times the
diameter of the initial bar from the beginning of the serpentine bar to ensure the strain
gage was reading a uniform stress wave [36]. The gauges were powered and amplified
using Vashays 2310 signal conditioning amplifier. The output voltage of the amplifier
was recorded using an oscilloscope triggered by the voltage drop from the piezoelectric
actuator. The stress was determined using the strain-to-voltage factor and the mechanical
properties of the serpentine transmitted bar. Once the transmitted serpentine bar was
calibrated using the process described in section [2.5], the strain to voltage factor was
used to determine the amount of strain on the bar for the duration of the test. Using the
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same method expressed by Whittington, the stress on the sample is directly related to the
amount of strain on the bar during the test [35].
Strain measurement for the sample was determined using 2-D DIC software. This
is a known and accurate method for determining the amount of strain a sample is under at
intermediate or high strain rates. Conventional methods such as mechanical
extensometers or laser extensometers do not perform well due to the elastic response of
the mechanical devices used in extensometers [37]. A photron high-speed camera was
used to capture 100,000 frames per second during the experiments. The voltage drops of
the piezoelectric amplifier initiated the camera’s triggering system, and the images were
processed using Correlated Solutions Vic 2-D software [38]. Each sample was speckle
coated using the techniques from Correlated Solutions, so the software could analyze the
gauge section of the sample in the images [39]. The gauge section of the sample was first
painted white, then a speckle pattern roller supplied by Correlated Solutions was used to
create a speckle pattern on the sample.
2.5

Digital image correlation calibration
To use the strain data obtained by the DIC software in stress-strain material

modeling, the data must first be understood and compared to data obtained from an
extensometer. This test the accuracy of the DIC software compared to the already
accepted technique of obtaining strain data in a material sample. The data from the
experiment was obtained by running a QS test using both an extensometer and a highspeed camera with 2D DIC software in which both methods of obtaining strain data used
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a common trigger. This allowed a direct comparison between strain with respect to time
plots obtained from both methods. The results of this experiment are shown in Figure 2.9.
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Figure 2.9

2.6

Calibration curves of a conventional 25 mm extensometer and noncontact
video strain measurement using digital image correlation.

Serpentine bar calibration
Different strain gauge systems were tried in the serpentine bar system, and the

full-Wheatstone bridge was found to produce the least noise. The strain gauges used in
the Wheatstone bridge were 120 Ohm, linear gauges, X-Y planar, tee rosettes, 0°/90°
strain gauges from Omega. For the serpentine transmitted bar to yield accurate results,
the strain-to-voltage factor must be determined for the Wheatstone bridge. To find this
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factor, a load cell was placed between the beginning of the serpentine bar’s initial rod and
the actuator extension rod. The load cell used was obtained from Sentran, LLC and is a
part of their PA series. The load cell was used with a JA signal conditioner also obtained
from Sentran, LLC. These two components were calibrated together by Sentran, LLC to a
traceable, NIST-compliant calibration. The Sentran, LLC system was then used in a
compression test as described above. The test was run and produced the data seen in
Figure 2.10. The resulting strain-to-voltage factor was 0.0007568 ἐ/V.
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The relationship between the recorded strain in the serpentine bar vs. the
load recorded on the serpentine bar
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CHAPTER III
EXPERIMENT
3.1

Material
The materials used in this study were acquired from General Motors, Steel

Dynamics, and commercial material suppliers because these materials are commonly
used in forming processes and automotive applications that are exposed to intermediate
strain rate events. Once the 7075 Al alloy verified the test methodology, 1180 dual phase
(DP) steel, 340 high strength low allow (HSLA), and 420 HSLA steels were introduced
into the study to show the performance of the system by the collected stress-strain curve.
These steels are used in automotive parts for their high strength and moderate ductility.
Automotive framing parts typically use 1180 dual phase, while the 350 HSLA and 420
HSLA steels are used in automotive body panels. The high strength ductility of the
metals makes them ideal for use in automotive applications due to their energy absorption
in automotive crashes.
The ASTM E8 sub-sized tensile specimen geometry was used for this study
because the specimen was a standard specimen geometry used in mechanical tests for
sheet metal at QS strain rates and its ability to obtain a more accurate understanding of
the ductility the sample will undergo during testing. The specimen dimensions can be
seen in Figure 3.1. The thickness of the samples (t) corresponds to the thickness of the
plate. Table 3.1 show the thickness of each plate that was received.
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Figure 3.1

The ASTM E8 tensile dog bone specimen design [18]. All dimensions in
mm

Table 3.1

Specimen thickness (t)

Material:
7075 Al
Sheet Thickness T
(mm)
1

340
HSLA

420
HSLA

1180 DP
Steel

1.21

1.21

1.25
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Results
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Figure 3.2

Stress-strain curve of 7075 Al at 0.01 s-1 and 100 s-1.
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To verify that the system was calibrated and producing accurate data, several
7075 aluminum specimens were tested in a standard QS machine at 0.01 s-1. Then,
several more samples were tested in the intermediate rate machine at 75 s-1. The results of
these experiments can be seen in Figure 3.2. The graph shows the two stress-strain curves
with approximately the same yield stress, as shown by the 0.2% offset method. As
indicated above, 7075 Al alloy has little sensitivity to a change in yield strength as the
strain rate increases between 10-3 (1/s) and 103 (1/s) [37]. Figure 3.2 indicates the system
is creating valid and accurate stress-strain data. The strain rates are plotted on a log scale
because of the wide strain in strain rates being tested, except for the 1180 data, to show
the system’s linear strain rate response.
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The 1180 steel was tested with the new system to understand the strain rate
sensitivity of the strain rate dependence on the rolling direction of the material. The
material was used to test three directions: the 0 direction is the rolled direction; the 90
direction is the transverse direction offset 90 degrees from the rolled direction; and the 45
direction is offset 45 degrees from the rolling direction. These materials had a target
strain rate of 50 s-1. The results of this experiment can be seen in Figure 3.3.
The HSLA steels (340 and 420) were tested at different strain rates to understand
the strain rate dependency of the material. The two HSLA series were first tested on a
standard QS machine at 0.0003 s-1 and 0.3 s-1. Then, the two HSLA series were tested at
the intermediate strain rate using the new system targeting two strain rates of 25 s-1 and
75 s-1. The results of these experiments can be seen in Figures 3.4 and 3.5. Note that the
strain rates are plotted on a log scale due to the wide strain in the strain rates being tested.
The two graph shows the sensitivity of the two HSLA grades to increasing strain rates, as
detected by the increase in yield strength from QS to the intermediate strain rate. In
addition, the material has an increase in ductility as the strain rate increases. These results
are conclusive with previous studies conducted on varies grades of HSLA steel [40].
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CHAPTER IV
CONCLUSION/FUTURE WORK
4.1

Conclusion
The newly proposed method for testing materials at the intermediate strain rate

shows a validated system that can create stress-strain curves without the use of test frame
manipulation or data filtering. The 7075-aluminum test showed the same yield strength
with varying strain rates. Due to its insensitivity to strain rate effect on the yield strength
of the material, testing 7075 at the intermediate strain rate was an approach to validate the
test set up and methodology. Since the yield strengths of 7075 aluminum were mapped
together, the system was calibrated and able to yield accurate data.
The results of all the experiments show clearly defined material yield points in
addition to ultimate strength and failure points. Further, the results gathered by the
behavior of the stress-strain curves are conclusive with those of industrial research on all
metals tested. The clarity of the data stems from two aspects of the newly devised system
and method: the novel serpentine bar used as load cell and the newly designed high-speed
actuator. The stress-strain curves resulting from these tests show a valid and accurate
method for testing materials at the intermediate strain rate.
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4.2

Future Work
Further analysis and optimization is needed to increase the overall performance of

the system as follows:
The new high-speed actuator needs faster response times and the ability to
produce more load so stronger materials and a variety of standardized specimen geometry
can be tested under the entire intermediate strain rate regime. To increase the amount of
load the actuator can provide, the pressure range in which the actuator can function must
increase. Introducing another piezoelectric actuator into the system will increase the
amount of normal frictional force. Thus, more frictional force will be applied to the
actuator extension rod, which will allow the actuator to be pressurized above 8.96 MPa.
To create faster response times, the system’s actuator extension rod and piston used in the
Parker hydraulic cylinder need to lose weight to allow higher accelerations and velocities
under prescribed pressures.
Although the actuator can test materials in the intermediate strain rate regime, the
serpentine transmitted bar used in this study is incapable of producing accurate load data
after a test duration of 4.00 ms because the initial wave will reflect into the strain gauges
and distort the measurement reading. To counter this, the overall effective length of the
serpentine bar could be increased but doing so would be contradictory to the design of the
serpentine bar. Another method is creating a device that would adsorb most of the initial
wave at the end of the serpentine bar to dampen the initial reflection, thus causing less
interference when encountering the strain gauges.
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Closed loop control of the system needs to be researched further. As is, the system
can only vary the strain rate due to a variance in pressure, but a base line test must be
conducted before knowing which pressures will cause the targeted strain rate since
different material will yield a different pattern. Modeling the system in Abaqus can
produce a mathematical formula which will allow a closed loop system to determine the
correct pressure to charge the system that will yield the desired strain rate. Furthermore,
the piezoelectric actuator can be driven during the test to make the desired strain rate
more linear
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